Received December 11, 2010 . Accepted June 1, 2011 . Available online June 24, 2011 . Published July 25, 2011 Taurine is a sulfur-containing β-amino acid that exists in free form in mammals. Various physiological roles have been reported for taurine, including calcium modulation, membrane stabilization, osmoregulation, neuromodulation, antioxidation, and regulation of protein phosphorylation (1, 2) . Taurine is necessary for certain aspects of mammalian development, and its deficiency leads to defects in growth, tissue differentiation, and immune development (1, 2) .
Studies have indicated that bone tissue contains high concentrations of taurine (3, 4) , which emerges as an element in the regulation of bone metabolism (5) (6) (7) (8) (9) . Taurine supplementation prevented bone loss in ovariectomized rats (8, 9) . Koide et al. (10) reported that taurine reduced alveolar bone resorption in experimental animals. In vitro studies demonstrated that the taurine transporter (TAUT), a specific taurine transport system, was expressed in osteoblasts and osteoclast precursors (11, 12) . Taurine promoted osteoblast proliferation and differentiation (4, 11) and stimulated connective tissue growth factor expression in osteoblasts through the extracellular signal-regulated kinase (ERK) pathway (13) , while it inhibited osteoclastogenesis via the TAUT (12, 14) . These findings indicate that taurine is beneficial for bone metabolism. However, no data have been published about the effect of taurine on osteoblast apoptosis.
The rate of bone formation and resorption is largely determined by the numbers of bone-forming (osteoblast) and bone-resorbing (osteoclast) cells present in the basic multicellular units responsible for the regeneration of the adult skeleton (15, 16) . As is the case for other regenerating tissues, the number of bone cells is controlled by changes not only in the production of mature cells, but also in their survival. The majority of osteoblasts die by apoptosis. The www.bjournal.com.br Braz J Med Biol Res 44(7) 2011 frequency of osteoblast apoptosis could have a significant impact on the number of osteoblasts present at the site of bone formation (17) (18) (19) . The present study was undertaken to determine whether taurine regulates serum deprivation-induced apoptosis of osteoblastic MC3T3-E1 cells and to examine the mechanisms by which taurine acts on cell apoptosis.
Material and Methods

Material
Bovine serum albumin (BSA), anti-β-actin antibody and α-minimum essential medium (α-MEM) were purchased from Sigma (USA). Fetal bovine serum (FBS) was purchased from Gibco-BRL Corp. (USA). Polyvinylidene difluoride (PVDF) membrane was purchased from Amersham Pharmacia Biotech (USA). Anti-TAUT antibody was purchased from Alpha Diagnostic Inc. (USA). Anti-cytochrome c, anti-ERK1/2 and anti-p-ERK1/2 antibodies and horseradish peroxidase (HRP)-conjugated secondary antibodies were purchased from Santa Cruz Biotechnology (USA).
Cell apoptosis measurement
Apoptosis was assessed directly by measurement of cytoplasmic nucleosomes (i.e., DNA complexed with histone in the cytoplasm) using a Cell Death Detection ELISA kit (Roche Diagnostics GmbH, Roche Molecular Biochemicals, Germany) according to the protocol provided by the manufacturer. This kit allows a specific determination of mono-and oligo-nucleosomes in the cytoplasmic fraction of cell lysates (20, 21) .
Western blot analysis
Western blot analysis was performed as previously described (22) (23) (24) (25) (26) . Cells were lysed and protein concentrations were determined by the Bradford assay with BSA used as standard. Equal amounts of protein (40 μg/lane) were separated by SDS gel electrophoresis and transferred to a PVDF membrane. To detect TAUT expression and ERK1/2 phosphorylation, the membranes were probed with primary antibodies overnight at 4°C, followed by the appropriate HRP-conjugated secondary antibodies for 1 h at room temperature.
To analyze the release of cytochrome c from the mitochondria into the cytosol, the cell lysates were centrifuged at 100,000 g for 30 min to yield the soluble cytosolic fraction (supernatant). Supernatants were then subjected to Western blot analysis as described above with anti-cytochrome c antibody.
The blots were visualized by the chemiluminescent detection method using the SuperSignal West Pico Substrate (Pierce, USA).
Assays for caspase-3 and caspase-9
Cells were lysed with lysis buffer containing 10 mM HEPES, pH 7.5, 0.5% Nonidet P-40, 0.5 mM EDTA, 150 mM NaCl, and 2 mM phenylmethylsulfonyl fluoride. Aliquots of the extracts were incubated for 1 h at 37°C with 50 mM enzyme substrate [acetyl-DEVD-4-methyl-coumaryl-7-amide (Ac-DEVD-MCA) for caspase-3-like proteinase and Nacetyl-Leu-Glu-His-Asp-(7-amino-4-trifluoromethylcoumarin) (Ac-LEHD-AFC) for caspase-9-like proteinase] in a reaction mixture containing 10 mM HEPES, pH 7.5, 50 mM NaCl, and 2.5 mM dithiothreitol. The fluorescence of the released 7-amino-4-methylcoumarin (AMC) was measured with a spectrofluorometer at an excitation wavelength of 380 nm and an emission wavelength of 460 nm. AFC release was monitored at an excitation wavelength of 400 nm and an emission wavelength of 505 nm.
RNA interference for TAUT
RNA interference was used to down-regulate the expression of TAUT in MC3T3-E1 cells as previously described (12) . TAUT-small interfering RNA (siRNA) and control-siRNA were synthesized by Genesil Biotechnology Co. (China). The target sense sequence of mouse TAUT is: GATCTGT CCTTTGTTCTCTTT. For gene knockdown experiments, MC3T3-E1 cells were cultured for 24 h in α-MEM without antibiotics, then transfected with siRNAs (0.4 nmol/well) using lipofectamine 2000 (Invitrogen Inc., USA) according to the protocol provided by the manufacturer. Cells were retransfected with siRNAs 24 h after the initial transfection and the siRNA effect was analyzed 48 h later.
Taurine uptake measurement
Taurine uptake by MC3T3-E1 cells was assayed as previously described (12, 27) . Cells were washed twice at 37°C with the uptake medium (containing 20 mM HEPES, 140 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl 2 , 0.8 mM MgSO 4 , and 5 mM glucose) and equilibrated in 2 mL taurine uptake buffer at 37°C. Taurine uptake was initiated by adding an uptake buffer containing 1 μCi [ 3 H]-taurine and increasing the concentrations of the unlabeled substances. After incubation for 20 min, the cells were rapidly washed with cold PBS containing 0.05% sodium azide and lysed with 0.1 M NaOH. The radioactivity of the lysates was measured by liquid scintillation spectrometry. The sixth well was used to measure the average protein content by the Bradford assay.
Statistical analyses
SPSS 13.0 was used for the statistical analyses. Data are reported as means ± SD of quintuplicate assays. Comparisons were made using one-way ANOVA. All experiments were repeated at least three times and representative results are shown.
Results
Taurine protected MC3T3-E1 cells against serum deprivation-induced apoptosis
MC3T3-E1 cells in 1% FBS medium showed basal 
Taurine reduced cytochrome c release and inhibited activation of caspase-3 and -9 in serum-deprived MC3T3-E1 cells
Cytochrome c was released into the cytoplasm in the serum-free culture; however, the release was reduced in the presence of 1 to 10 mM taurine (Figure 2A ). Serum deprivation-induced activation of caspase-3 and -9 was also markedly decreased in 1 to 10 mM taurine-treated cells ( Figure 2B ).
TAUT knockdown with siRNA inhibited [ 3 H]-taurine uptake in MC3T3-E1 cells
Western blot analysis revealed that TAUT protein expression (70 kDa) was demonstrable in MC3T3-E1 cells ( Figure 3A ). This confirms a previous study showing that TAUT is expressed in MC3T3-E1 cells (11) . Treatment with siRNA-TAUT but not siRNA-control suppressed the expression of TAUT protein in MC3T3-E1 cells ( Figure  3A ), and inhibited [ 3 H]-taurine uptake in these cells ( Figure 3B ). Taurine activated ERK1/2 signaling pathway via TAUT in MC3T3-E1 cells Taurine enhanced the levels of phosphorylated ERK1/2 within 5 min of incubation and the peak activation of ERK1/2 occurred at 15 min ( Figure 4A ). The activation of ERK1/2 by taurine was abolished by PD98059 (an inhibitor of ERK) ( Figure  4B) . Moreover, knockdown of TAUT with siRNA blocked the activation of ERK1/2 induced by taurine ( Figure 4B ). These data indicate that taurine stimulates ERK1/2 activation via TAUT in MC3T3-E1 cells.
The TAUT/ERK signaling pathway mediates the anti-apoptotic effect of taurine in MC3T3-E1 cells
The anti-apoptotic effect of taurine in MC3T3-E1 cells was abolished by pretreatment with the ERK inhibitor PD98059, and was also blocked by knockdown of TAUT with siRNA ( Figure  5 ). These data indicate that the anti-apoptotic activity of taurine is mediated by the TAUT/ERK signaling pathway.
Discussion
We demonstrated here that taurine protected MC3T3-E1 cells against apoptosis induced by serum deprivation via the TAUT/ERK signaling pathway.
On the basis of its multiple functions, taurine may protect cells against various types of injury (28) . In the present study, taurine suppressed serum deprivation-induced apoptosis of MC3T3-E1 cells, indicating an anti-apoptotic role of taurine in addition to its mitogenic and osteogenic effects on osteoblasts. Taurine content in bone is similar to that in liver or kidney (2 to 11 mM/kg tissue) (3, 4, 29) . Thus, the effects of taurine on the suppression of osteoblast apoptosis were physiologically relevant in the present experiments.
Although the exact mechanisms of serum deprivationinduced apoptosis have not been completely elucidated, mitochondria have been shown to play an important role (30, 31) . Translocation of cytochrome c into the cytosol is the primary event in the mitochondrial pathway that leads to the formation of apoptosomes and activation of the caspase cascade. Once cytochrome c enters the cytosol, it associates with apoptotic peptidase activating factor 1 and dATP to form an apoptosome. Apoptosomes recruit and activate caspase-9, an initiator caspase, which in turn activates other downstream executioner caspases, such as caspase-3. The active executioner caspases are responsible for cleaving their target substrates to induce apoptosis (30, 31) . In this study, the induction of cytochrome c release and caspase-9 and -3 activation by serum deprivation in MC3T3-E1 cells agrees with previous reports and the activation of caspase-9 and -3 was suppressed. Therefore, taurine suppresses the apoptosis of MC3T3-E1 cells via a mitochondria-dependent pathway.
Taurine is known to be transported by a specific transporter, the TAUT. In the intracellular space, taurine is present in millimolar concentrations, whereas it is found at the concentration of 20 to 100 μM in plasma (38) , suggesting that TAUT plays an important role in maintaining a high concentration of taurine in cells. The TAUT knockout mouse exhibited retinal degeneration and a marked impairment of reproduction (39) , indicating that TAUT is a functional protein. A previous study showed that TAUT was expressed in osteoblasts (11) , and could take up [ 3 H]-taurine in these cells (11) . In the present study, we showed that knockdown of the TAUT blocked the taurine uptake function of MC3T3-E1 cells, and abolished the anti-apoptotic activity of taurine. These data indicate that TAUT mediates the anti-apoptotic action of taurine in MC3T3-E1 cells.
To gain further insight into the mechanisms by which taurine inhibits osteoblast apoptosis, we examined intracellular signaling pathways. The ERK pathway is a critical regulator of cell apoptosis (40) . The activation of ERK1/2 induced by taurine observed here is consistent with a previous report that taurine stimulates phosphorylation of ERK1/2, but not p38 and JNK in MC3T3-E1 cells (13) . Either TAUT knockdown or treatment with the ERK-specific inhibitor PD98059 blocked ERK1/2 activation induced by taurine and abolished the anti-apoptotic effect of taurine in MC3T3-E1 cells. The TAUT/ERK-dependent inhibition of MC3T3-E1 cell apoptosis by taurine found here agrees with a previous study showing that taurine restores Gas6 and Axl expression in a vascular smooth muscle cell calcification model through the TAUT/ERK signaling pathway (23) .
In conclusion, the present data demonstrate for the first time that taurine inhibits osteoblast apoptosis through the TAUT/ERK signaling pathway, in association with the down-regulation of mitochondria-dependent signaling molecules. The anti-apoptotic action of taurine in osteoblasts may contribute to its bone-sparing effect. (32) (33) (34) . Moreover, there have been reports showing that taurine was capable of suppressing apoptosis through the mitochondrial pathway in retinal ganglion cells (35) , hepatocytes (36) , and testicular tissue (37) . In the present study, with taurine treatment, the serum deprivation-induced release of cytochrome c from the mitochondria was reduced Figure 5 . TAUT and ERK signaling pathways mediate the antiapoptotic effect of taurine on MC3T3-E1 cells. Serum-deprived cells were incubated with 10 μM PD98059 for 3 h prior to treatment with 10 mM taurine for 48 h. Both siRNA-control-and siRNA-TAUT-transfected cells were cultured in serum-deprived media and treated with 10 mM taurine for 48 h. Cell apoptosis was determined with a Cell Death Detection kit, and reported as ELISA absorbance units. The bars indicate the mean ± SD (N = 5). TAUT = taurine transporter; ERK = extracellular signalregulated kinase; siRNA = small interfering RNA. *P < 0.05 vs taurine-treated control (one-way ANOVA).
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